It has become apparent from recent work that the spatial frequency and orientation content of the first-order (luminance) carrier is very important in determining the properties of a second-order (contrast) modulation of that carrier. In light of this we examined whether there was any evidence for a motion aftereffect in one-dimensional second-order patterns containing only two sinusoidal luminance components: a spatial beat. The stimuli were either I cpd luminance sinusoids or I cpd luminance beats modulating a carrier sinusoid of 5 cpd. The magnitude of any motion aftereffect, or any directionally specific effect of adaptation, was measured for all combinations of first and second-order test and adapting patterns. Both flickering and non-flickering stimuli were used. The results indicate that a motion aftereffect is only induced by first-order adapting stimuli, and likewise, is only measurable in first-order test stimuli. We find no evidence for any directionally specific effect of adaptation in second-order stimuli, whether the test is counterphased or otherwise. These results apparently conflict with recent reports of a second-order induced motion aftereffect, but are consistent with many other findings which show differences between the detection of motion for first and second-order stimuli. We conclude that the induction of a motion aftereffect for second-order stimuli is not a general result and is critically dependent upon (amongst other things) the local properties of the stimulus, including the spatial frequency and orientation content of the first-order carrier.
INTRODUCTION
The motion aftereffect (Addams, 1834; Wohlgemuth, 1911) has been used extensively in the study of motion perception and has provided some insight into the underlying neural mechanisms mediating our ability to see movement in the visual field (for history see Wade, 1994; Verstraten, 1994 for review) . The existence of a motion aftereffect for a given stimulus suggests that there is a dedicated system sensitive to the motion of that particular spatial profile (e.g. Addams, 1834; Sutherland, 1961; Barlow & Hill, 1963; Braddick, 1980) . In other words, the primary detectors for that stimulus not only convey information about its spatial properties but also its temporal properties, particularly its direction of motion (Levinson & Sekuler, 1975; Watson et al., 1980; Pantie, 1974) .
Recently it has become popular to use the statistics of the luminance or chromatic structure to describe the spatial (and temporal) profiles of stimuli, rather than the system-dependent distinction of "long-range" and "shortrange" (Braddick, 1974) , which defines stimuli on the basis of the proposed motion detection mechanism. In statistical terms, the motion of a first-order luminance stimulus may be fully described by spatiotemporal correlation of luminance values in that pattern (e.g. Watson & Ahumada, 1985) but it is necessary first to relate spatial luminance cues to one another prior to any temporal analysis to extract the motion of a second-order pattern (Julesz, 1971; Cavanagh & Mather, 1989) . It is important to note that the statistical structure referred to here is the spatial luminance distribution of the pattern rather than its spatiotemporal distribution. Subsequent analysis over time to extract the motion then examines the first-order temporal structure. It was initially considered that only luminance-modulated first-order stimuli would induce a motion aftereffect: contrastmodulated (second-order) stimuli were found not to induce a motion aftereffect .
This initial finding was consistent with other 2248 S.J. CROPPER and S. T. HAMMETT observations regarding our ability to detect and discriminate motion in these and other similar stimuli (Henning et al., 1975; , 1987 , 1986 Cropper & Derrington, 1994 Cropper, 1994; Chubb & Sperling, 1988 Ledgeway & Smith, 1994b) . The bulk of this work supported the notion that the processing underlying motion detection in these stimuli was not the same as that proposed to mediate motion detection in simple luminance-coded stimuli (Braddick, 1974; Watson & Ahumada, 1985; Adelson & Bergen, 1985; Van Santen & Sperling, 1985) . The basic motion aftereffect was proposed to be symptomatic of the fatigue or habituation of one of the components of a relatively simple neural structure relying on a balance or ratio of opposed inputs in some form (Sutherland, 1961; Barlow & Hill, 1963; Cornsweet, 1972) : the most basic component of such a structure being the opponent motion detector (e.g. Reichardt, 1961) . The lack of any motion aftereffect for slightly more complex stimuli, those which violate any "linear" behaviour of the visual system as far as simple detection is concerned (Blakemore & Campbell, 1969) , was consistent with a more complex neural structure underlying motion detection in such stimuli, as indeed had already been proposed for their detection (Henning et al., 1975) . The more recent observation that in fact contrastmodulated and other second-order stimuli do produce a motion aftereffect (Ledgeway, 1994; Nishida & Sato, 1995) seemed to contradict this view of the system. Whilst the majority of the data cited above is suggestive of discrete processes for detection of both the presence and the movement of first-and second-order stimuli, the observation that a motion aftereffect could be induced simply by counterphasing the test proved hard to reconcile with such evidence. Furthermore, the transfer of the motion aftereffect between first-and second-order stimuli (Ledgeway, 1994; Ledgeway & Smith, 1994a, b; Nishida & Sato, 1995) has been cited as evidence for some common processing stage for the motion of firstand second-order patterns. Thus, whilst there has been much evidence suggestive of seperate processing of firstand second-order patterns, recent results support the notion of a common processing stage for the motion of both which is susceptible to adaptation. Clearly an examination of whether a motion aftereffect induced by a second-order pattern is a general result may be useful in clarifying these paradoxical findings.
To approach this issue we have used the second-order L(y, t) = Lm[1 + Clcos 27r(zlt + qSzl)sin 27r(fly + wit stimulus containing the least number of sinusoidal (firstorder) components: a beat stimulus. A beat is made from only two first-order components yet yields very different performance to either component alone when one is required to detect its motion: performance which cannot be explained in terms of the components alone (e.g. Cropper & Derrington, 1994 . Beats do not induce a motion aftereffect when the test is also a beat, either drifting or static ; see also Holliday & Anderson, 1994 ); here we examine whether a counterphase test pattern reveals any such effect as recent work predicts that it may (Ledgeway, 1994; Nishida & Sato, 1995; McCarthy, 1993) . In summary, the experiments reported here illustrate two points. Firstly, not all contrast-modulated stimuli induce a motion aftereffect, regardless of the form of the test methodology. There is no ready explanation for this. Secondly, and subsequent to the basic result, it might be necessary to reconsider the basis of a motion aftereffect measured with a counterphase test and its relation to the classical motion aftereffect.
GENERAL METHODS

Apparatus and stimuli
All patterns were achromatic sinusoidal luminance gratings or combinations of such that were generated digitally to a resolution of 14 bits by a VSG2/3 (Cambridge Research Systems) image generator. The patterns were displayed on a Mitsubishi HL7955 colour monitor with a mean luminance and chromaticity of 44.2 cd/m 2, CIE co-ordinates (x:0.333, y:0.377). The monitor was driven at a frame rate of 120 Hz and a line rate of 75 kHz with all patterns combined digitally before presentation. The voltage to luminance relationship of the display was measured using a UDT detector with a photometric head ($351G) and corrected using internal look-up tables on the VSG. The curve-fitting procedure gave an R value >0.998. The display subtended 20 deg by 16 deg at a viewing distance of 1.14 m. The adapting patterns were presented in the centre of the display and subtended 8 deg within their circular aperture. The adapting pattern drifted upwards at a speed of 2 deg/ sec. The test patterns were also presented in the centre of the display and subtended 6 deg diameter within their circular aperture. The test patterns were sinusoidally modulated over time (counterphase) at 2 Hz and drifted at a range of speeds such that a full psychometric function could be measured for each stimulus combination using the "method of constant stimuli". The spatial starting phase of the test patterns was randomized from presentation to presentation. A small dark fixation point was located at the centre of the display. Viewing was conducted in a semi-darkened room; was binocular with natural pupils and no head restraint was used.
All stimuli can generally be described by:
where L is the luminance (cd/m 2) across space (y) and time (t),fis the spatial frequency (c/deg), w the temporal drift frequency (Hz), z is the temporal counterphase frequency (Hz), and C the contrast. The spatial and temporal phases are indicated by the ¢ terms. The spatial phase was randomized and can, therefore, be omitted from further equations, the temporal phase (¢z), however, is important when the beat is counterphased. The signed envelope has the effect of counterphasing the (static) carrier as the beat drifts across it. This is made clear in the space-time plots of Fig. 1 . The apparent spatial frequency of the beat, termed the beat-frequency, is that of the unsigned envelope and it is to this frequency that we refer in the data. This is also the spatial frequency important in determin-
ing the motion detection performance Cropper, 1992) . This does not, however, mean the beat is effectively rectified but rather that casual observation cannot discriminate between positive and negative phase (see Fig. 1 ).
The simple gratings (C2 = 0) are counterphased by giving zl in Eq. (1) a non-zero value (generally 2 Hz in our stimuli). The beat is counterphased by giving both z~ and z2 the same non-zero value (2 Hz) but counterphasing the two components ~z/2 out of phase with each other (¢zl = 0; ¢z2= re/2). This ensures that the unsigned envelope is modulated such that it changes its position by rc each time it passes through zero. The mean contrast of the pattern is kept constant throughout. This is shown in the plots of Fig. 1 . This is the correct manipulation of this pattern to maximize the possible measurement of any motion aftereffect i.e., the second-order envelope is counterphased (Cropper, 1992; Ledgeway, 1994; Nishida & Sato, 1995) .
Psychophysical procedure
Subjects fixated the central fixation point throughout the experiment. At the beginning of each trial, the drifting adapting pattern was presented for 60 sec. The test pattern was subsequently presented for 0.5 sec. The test pattern had a raised-cosine temporal envelope. The duration of the envelope was 0.5 sec, giving an effective (rectangular-envelope) duration of 0.25 sec. A test readapt protocol was then employed such that the adapting pattern was presented for 5 sec prior to presentation of the test pattern. A blank field of the mean luminance was presented for 0.2 sec at the offset of both adapting and test patterns. The test pattern was randomly chosen from the set of constant stimuli and consequently could either move up or down. The observer's task was to indicate in which direction the test stimulus had moved by pressing a mouse button. The only restriction placed upon the choice of stimulus was that no stimulus could be presented for the nth time until all stimuli had been shown n-1 times. Typically there were nine test stimuli in each set. Each stimulus was presented 20 times in each session, each session was repeated three times to give 60 observations for each adapt/test condition. Care was taken to ensure all unadapted conditions were carried out before any adaptation runs on each day and that each adaptation session lasted for the same length of time. The subjects were the two authors (STH and SJC) and one naive observer (DM).
The contrasts used in the experiments were high (33% for each component) in order to maximally adapt any susceptible mechanisms and scale the first-and secondorder stimuli to be at approximately equal multiples of detection threshold, certainly adequate as a first approximation (Cropper & Derrington, 1994 . Furthermore, using a signal magnitude of this size should also ensure that the difference in the perceived contrast of the test stimulus between the adapted and unadapted conditions was not a limiting factor on the results. Finally, the duration of adaptation was sufficient to show the presence of any aftereffect without exhausting the system and observer (Rose & Lowe, 1982; Greenlee et al., 1991) . In short, we biased our stimuli toward inducing a motion aftereffect, rather than otherwise.
Although the test stimuli were only presented for a fullwidth temporal envelope of 0.5 sec, the beats were above detection threshold for 95% of this time, making the temporal flicker frequency of 2 Hz quite suitable. The temporal phase of the modulating (cosine) envelope ensured that two phase inversions were clearly visible for all counterphase test stimuli. Upon the suggestion of one of our referees, the naive observer (DM) was presented with test stimuli of a half-width of 0.5 sec throughout to ensure four phase-inversions in a given test stimulus. The reader should bear this in mind when comparing results between DM and either SJC or STH (with the exception of Experiment 7).
EXPERIMENT 1: THE EFFECT OF ADAPTING TO A DRIFTING SINUSOID UPON THE PERCEIVED MOTION OF A SUBSEQUENTLY PRESENTED SINUSOIDAL GRATING
This experiment measures the strength of the motion aftereffect under our observation conditions and, as such, forms the baseline for the subsequent experiments. Both test and adapt stimuli were simple 1 cpd sinusoidal gratings presented at a Michelson contrast of 0.33. The test stimuli were either simply drifting or both drifting and counterphased with a flicker rate of 2 Hz. It should be noted that the appropriate unadapted function was also measured using a counterphased drifting sinusoid. The (peak) contrast of the test and adapt was again 0.33, although the flicker will reduce the perceived contrast of each somewhat (Hammett & Snowden, 1995) .
Results
The data are shown in Fig. 2 for two observers, SJC and STH. The per cent of observations judged to be moving upwards is plotted against the actual velocity of the test stimulus (the adapt stimulus was moving upwards at 2 deg/sec). A negative velocity indicates downward motion. Open symbols represent data collected in the unadapted state, filled symbols represent the data collected in the adapted state. Each symbol is the result of 60 observations and error bars are _ 1 SEM calculated from the three sets of 20 trials. The stimuli represented by each symbol are shown in the figure key. The data are presented in this form throughout the paper.
A motion aftereffect is induced in both observers by both the non-counterphase and the counterphase stimuli and in the counterphase test for observer DM (who was not tested with the non-counterpase stimulus). This is shown by the rightward shift of the adapted psychometric function compared with the unadapted function. As the slopes of each adapted-unadapted pair for the two observers are so similar we are reassured that the adapted and unadapted functions are mediated by the same (or very similar) mechanisms (Macmillan & Creelman, 1991) . This, however, is not always the case for measurement of the motion aftereffect (e.g. Mtiller & Greenlee, 1994) . It has been suggested that using a counterphased test stimulus in a motion adaptation paradigm is a more sensitive method of measuring the motion aftereffect (von Griinau, 1986; Nishida & Sato, 1995; Ledgeway, 1994; Ledgeway & Smith, 1994b) . There is no significant increase in the size of this effect compared with the non-counterphased test. It is of course possible that the maximal aftereffect is measured by the non-counterphasing test and so no subsequent difference is seen in this experiment. showed that there was no motion aftereffect induced in beat patterns. It has been subsequently argued that the reason for this lack of effect was because the test stimulus was not counterphasing (Ledgeway, 1994; Nishida & Sato, 1995) . We feel it is necessary to include the no-counterphase beat:beat adaptation experiment in order to form a full study. The Velocity (deg/sec) FIGURE 3. Second-order (beat) test: second-order (beat) adapt. Details as in Fig. 2 except both the test and the adapting stimuli were beats. methods were as in Experiment 1, except that both the adapting and test patterns were beats. The adapting pattern comprised two sinusoidal components of 4.5 and 5.5 c/deg, each of which was drifted at 1 Hz. These grating components were drifted in opposite directions and thus the resultant waveform comprised a beat that drifted at 2 deg/sec and a static carrier [see Eq. (2) and Fig. l(b) ]. The test pattern was also a beat which drifted at the prescribed velocity (to form a full set of test stimuli) over a static carrier grating. Each component had a contrast of 0.33, giving a mean (RMS) contrast of 0.33 in the beat and a peak (carrier) contrast of 0.66.
EXPERIMENT 2: THE EFFECT OF ADAPTING TO A DRIFTING BEAT UPON THE PERCEIVED MOTION OF A STATIC BEAT
Results
The data are plotted in Fig. 3 for two observers. There is no effect of adapting to a drifting beat, replicating the original result of . The slopes of the functions are slightly shallower for the beats than for the gratings, indicating the task is slightly more difficult, yielding a greater velocity at which the direction of motion is just discriminable (Cropper & Derrington, 1994 . Observer STH also has a slightly more shallow function slope than SJC.
EXPERIMENT 3: THE EFFECT OF ADAPTING TO A DRIFTING BEAT UPON THE PERCEIVED MOTION OF A COUNTERPHASE BEAT
As mentioned already, it has been argued that the failure to find a motion aftereffect in second-order stimuli is due to the test stimulus not being a sensitive enough measure of the adaptation (see Ledgeway, 1994; Nishida & Sato, 1995) . Although in Experiment 1 we found no Velocity (deg/sec)
FIGURE 4. Second-order (beat) test: second-order (beat) adapt. Details as in Fig. 2 except the test beat was counterphased at 2 Hz as well as being drifted up or down.
greater sensitivity in using a counterphasing test for grating stimuli, it is possible that the adaptation effect may simply be maximal in these first-order stimuli and, therefore, no enhancement of sensitivity of the measure would be apparent. One of the roots of the argument for the use of a counterphase test stimulus is that a test stimulus which is not counterphased provides additional positional cues which are removed by the counterphase function (von Grtinau, 1986) . On this basis, it may be argued that beats have strong position cues given by the carrier. We might, therefore, expect a significant effect on the results of changing the test stimulus to a counterphase beat and consequently be able to induce a motion aftereffect in the second-order beat. The methods were similar to those described for Experiment 2 except that the test pattern was a counterphase beat.
Results
The data are presented in Fig. 4 for three observers. There is very little difference between the unadapted (open symbols) and adapted (closed symbols) conditions, indicating no motion aftereffect is induced even in counterphase beat test stimuli. The slopes of the functions are slightly shallower than for the non-counterphase beat (SJC and STH), STH again finding the task slightly more difficult than SJC. There is a suggestion of an effect of adaptation whereby motion is biased toward the same direction as the adapting stimulus in all three observers. This is reminiscent of the positive motion aftereffect reported by Nishida & Sato (1992 . We shall return to this in Experiment 5, but in summary we find no motion aftereffect in counterphasing beat stimuli.
EXPERIMENT 4: THE EFFECT OF ADAPTING TO A DRIFTING SINUSOID UPON THE PERCEIVED MOTION OF A COUNTERPHASE BEAT AND VICE VERSA
Although we find no motion aftereffect in a counterphase beat stimulus when the adapting stimulus is also a beat, it is worthwhile checking that there is no crossadaptation between beats and sinusoids, as this has been found for other second-order stimuli (Ledgeway, 1994) and indeed has been the basis of the test paradigm in some cases (Nishida & Sato, 1995) . If there were any role of the motion system detecting the grating in the detection of the beat motion, then adapting this firstorder sensitive system should have an effect upon the beat test stimulus. If there were any artefact in the beat stimulus then this should induce some direction-specific effect of adaptation upon a test sinusoid. The adapting stimulus was either a sinusoid or a beat drifting upward at 2 Hz. The test stimulus was a counterphasing (2 Hz) beat or sinusoid.
Results
Data for the luminance grating adapt condition are presented in Fig. 5(a) for three observers. SJC shows very little effect of the adaptation to the sinusoid. STH and DM, however, show a non-specific reduction in performance subsequent to adaptation of the sinusoid. There is no particular directional selectivity of this effect, more a flattening of the psychometric function. The data for the beat-adaptation condition are shown in Fig. 5(b) for two observers, SJC and DM. Neither observer shows a strong effect of adaptation although there is a very small shift of the adapted curve to the right. In most cases this is not significant, as indicated by the overlap of the error bars, and indeed the rest of the data so far are entirely inconsistent with any artefact being present in the beat stimuli. It is worth noting the possible contaminating effect of a distortion product which, it has been suggested, is present at the cartier contrasts used here . It is possible the residual aftereffect may be caused by this. However, the artefact is not revealed in any of the other data presented thus far and so this remains a tentative suggestion for this result. The nondirection-specific effect for the grating adapt condition for observers STH and DM is, however, quite pro- nounced. This prompts us to examine a further possibility for this effect; that there is some cross-adaptation effect between the 1 cpd grating and the 5 cpd carder in the beat. We look at this and the small positive motion aftereffect shown in Experiment 3 in the following experiment.
EXPERIMENT 5: THE EFFECT OF ADAPTING TO A DRIFTING 1 CPD GRATING UPON THE PERCEIVED MOTION OF A 5 CPD COUNTERPHASE GRATING
The data from Experiments 3 and 4 suggest that there might be some effect of the adapting pattern other than the expected perception of drift in the opposite direction to that of the adapting stimulus. Specifically, the data from Experiment 3 show a hint of a positive motion aftereffect similar to that reported recently (Nishida & Sato, 1992 . In Experiment 4, observer STH shows an effect of the adapting grating upon the beat test. This results in the beat motion being harder to see generally, with the presence of a slight positive motion aftereffect. In this experiment we look at the effect that the adapting sinusoid (1 cpd) might have upon the grating carder (5 cpd) in the beat test pattern, subsequently affecting the resultant percept of the beat in an indirect manner. The methods were the same as for the previous experiments except the adapting pattern was a 1 cpd grating and the test pattern was a 5 cpd grating counterphased at 2 Hz. A counterphase test is most suitable to examine the effects on a carrier of a drifting beat as the contrast envelope counterphases the carder as it drifts across it (see General Methods).
Results
The data for the two observers are presented in Fig.  6(a) . The adapted function (closed symbols) is shifted slightly to the right of the unadapted function, showing that there is some motion aftereffect induced into the 5 cpd grating by the t cpd adapting grating. When expressed in terms of the stimulus velocity, however, the effect seems very small indeed. If we replot the data in terms of the test temporal frequency, as we have in Fig.  6(b) , the effect is more pronounced and comparable with that in Fig. 2 , where a 1 cpd adapt induces a motion aftereffect in a 1 cpd test. In addition, we can directly compare these two effects of a 1 cpd adapting grating in Fig. 7(b) , where the functions for both 1 and 5 cpd test stimuli are presented (unadapted 1 cpd replotted from Fig. 2 ). The smaller symbols represent the higher spatial frequency of 5 cpd. The functions virtually superimpose for each adapted and unadapted condition. This means that when expressed in terms of the test stimulus temporal frequency, the motion aftereffect induced by a 1 cpd adapt stimulus is as strong in a 5 cpd test as it is in a 1 cpd test. This result is broadly similar to that found by Cameron et al. (1992) for a non-counterphase test stimulus although their methodology was rather different. Ashida & Osaka (1994) reported a lack of spatial frequency selectivity for a motion aftereffect measured with a counterphase test, again by a slightly different methodology and their results do not agree with von G~nau & Dub6 (1992) . However, Ashida & Osaka (1995) have also reported that the flicker motion aftereffect is velocity selective which tempers any broad conclusions we can make from the current result. The significance of this result for our data in Experiment 4 is that the 1 cpd adapting grating will have a strong effect upon the 5 cpd carrier of the beat test stimulus, inducing a motion aftereffect in that static carrier. This has the subsequent effect of causing the beat to appear to move in the opposite direction to that perceived in the cartier (Derrington et al., 1993; Johnston & Clifford, 1995; Cavanagh, personal communication) which is the same direction as the adapting stimulus. This results in what appears to be a positive motion aftereffect and a disruption of the ability to discriminate clearly the counterphase beat motion, at least in observers STH and DM. This is presumably because of the conflict of perceived motion signals in the beat and carrier. It is pertinent to note that the original report of the positive motion aftereffect in second-order stimuli also had significant observer differences (Nishida & Sato, 1995) . It is possible the root of these differences lie in the indirect nature of the effect and the motion induced in the beat by the carrier. This is itself not a clear-cut percept (Derrington et al., 1993; Holliday & Anderson, 1994; Cropper, unpublished data) .
Although Experiment 3 used a beat adapting stimulus, and, therefore, should not affect the carrier of the subsequent test directly, there is a possible explanation for the very small positive motion aftereffect shown in the data. Because this is such a counterintuitive effect it is worth mentioning here despite its size. If the drifting beat-adapting pattern were to induce a percept of opposing drift in the carrier, then the observer might adapt to this induced carrier motion (Swanston & Wade, 1992; Wade et al., 1995 Wade et al., , 1996 . There would then be a motion aftereffect in the carrier of the test pattern. This would cause the (static) carrier to appear to move in the same direction as the actual direction of the adapting beat. If the observer were to respond to this motion rather than accurately discriminate the beat motion in the test, the data would erroneously suggest a positive motion aftereffect. In summary, however, we conclude that any residual aftereffect in the beat stimulus is actually due to an artefactual effect upon the carder of the beat pattern rather than the beat itself. We have shown the basic (counterphase) motion aftereffect to transfer completely across over two octaves of spatial frequency when expressed in terms of test-stimulus temporal frequency (Ashida & Osaka, 1994 von Grtinau & Dub& 1992; Cameron et al., 1992) .
EXPERIMENT 6: DOES THE INSTANTANEOUS PHASE CHANGE IN THE CARRIER PREVENT A MOTION AFTEREFFECT BEING INDUCED?
The beat patterns utilized as the second-order stimuli thus far in the current study have a cosinusoidal contrastenvelope [Eq. (2)]. This causes an instantaneous phase reversal in the carrier at the point an which the envelope passes through zero contrast (see Fig. 1 ). This counterphase is likely to further disrupt the positional cues in the carrier proposed to make a non-counterphase test stimulus less sensitive in measuring a motion-aftereffect. The converse is also possible: that is the temporal transient induced by the phase reversal may disrupt any adaptation within the basic motion-energy extracting mechanism (Adelson & Bergen, 1985; Chubb & Sperling, 1988; Wilson et al., 1992) in much the same way that a blank interstimulus interval may disrupt the percept of motion after an abrupt displacement of a stimulus between two frames of presentation (Georgeson & Harris, 1990) . This is stated explicitly in terms of the amplitude-and phase-modulation in the space domain (Daugman & Dowling, 1995) and it is possible that this abrupt phase modulation in the beat may have some effect upon the analysis of its motion. Indeed, some basic psychophysical observations can be explained on the basis of this kind of space-domain analysis (see Daugman & Dowling, 1995) To look at this issue in the context of the current study we have used an amplitude modulated (AM) grating which has a raised-cosine contrast envelope and therefore does not phase reverse the carrier as the envelope itself is counterphased (see Henning et al., 1975) . It is worth noting that AM gratings have very similar properties to beats when one is required to detect them (Henning et al., 1975; Cropper, 1997) or discriminate their direction of motion (Cropper & Derrington, 1994 . The experimental conditions were as in the previous experiments except the test and adapt stimuli were AM luminance gratings. The carrier had a spatial frequency of 5 cpd whose amplitude was modulated at 1 cpd (sidebands of 4 and 6 cpd, each at a contrast of 0.15). The depth of modulation was 100% and the carrier was set at a contrast of 0.33. The stimulus was, therefore, equivalent to the beats used so far. The test stimulus duration was 0.25 sec (half-width of the envelope). Figure 7 shows the data collected for two observers, SJC and DM. Neither observer shows any directionally specific difference between the adapted and unadapted functions. There is a general flattening of the psychometric function at the slower speeds. Observers reported a very strong induced motion in the carrier in the opposite direction to that of the amplitude modulation. It is possible that this had some effect upon the subsequently presented test stimulus (Experiment 5). Indeed, preliminary observations showed that the longer the duration of the test stimulus, the harder the task became subsequent to adaptation. This is currently under investigation but in the context of the current study, the same presentation time as was used previously for the beats stimulus (0.25 sec) is most suitable. In summary, no motion aftereffect was induced in the counterphase AM grating supporting our original conclusions and indicating that under these conditions the phase reversal in the carrier has no effect upon our result.
DISCUSSION
Our results indicate that the second-order stimulus with the least number of sinusoidal components (a beat) does not produce a motion aftereffect, even when the test stimulus is counterphased: a manipulation supposed to enhance the sensitivity of the measure and one that has been shown to indicate the presence of a motion aftereffect in some second-order stimuli (Ledgeway, 1994; Nishida & Sato, 1995) . Our finding of no motion aftereffect is consistent with earlier observations and consonant with the notion that the mechanisms underlying motion detection in luminance-coded and contrast-coded stimuli are discrete. This result restores the notional structure of the motion detection system to a semblance of intuitive order when one considers the properties of motion detection in luminance-and contrast-coded stimuli. The issue that remains is to explain why our results differ from others (e.g. Ledgeway, 1994; Nishida & Sato, 1995) .
Recent work on the perceived direction of motion of two-dimensional plaid patterns may explain why the data presented in this paper are discrepant with at least some of the previous work showing the existence of a motion aftereffect for second-order stimuli (Ledgeway, 1994) . When a type II plaid (Ferrera & Wilson, 1990 ) is made up from two one-dimensional luminance-modulated grating components, its perceived direction of motion is that predicted by the Intersection of Constraints solution (Adelson & Movshon, 1982; Ferrera & Wilson, 1990 . This is the direction of motion predicted if the visual system were performing an analysis of the twodimensional pattern itself or alternatively some nonlinear process upon the one-dimensional components in order to gain the two-dimensional motion vector (Wilson et al., 1992) . However, if the type II plaid is made up of onedimensional components which themselves are coded by a contrast-modulated grating, then the perceived direction of motion of the pattern is closer to that predicted simply by the sum of the two (contrast) component motion-vectors (Wilson & Kim, 1994) . This effect is predicted by a one-dimensional component-based processing system (Wilson et al., 1992) . If one then changes the first-order carrier of the contrast envelope from a simple grating to a dynamic random-dot field, leaving the contrast envelope unchanged, then the perceived direction of motion reverts back to that predicted by the Intersection of Constraints solution . The change in perceived direction is dependent both upon the duration and the orientations present in the carrier (Cropper & Badcock, 1995) .
In the case of the current study, the relationship to this result (Cropper & Badcock, 1995) lies in the content of carrier of the second-order contrast modulation. Most of the previous work that has addressed this issue of a motion aftereffect in second-order stimuli has used luminance carriers containing many orientations (and spatial frequencies) such as random-dot fields (Ledgeway, 1994; Nishida & Sato, 1995) and measured a strong motion aftereffect. We have used a second-order pattern containing only one orientation, and measured no motion aftereffect. The fewer orientations present in the carrier of the second-order plaid patterns, the more basic the processing applied to that pattern seems to be (Wilson et *It is pertinent to note that performance on other motion detection tasks for beat patterns is excellent (e.g. . It is not the case that a beat pattern is simply a poor stimulus for motion discrimination.
al., 1992; Wilson & Kim, 1994; Cropper & Badcock, 1995) . As the carrier includes more orientations in its first-order structure, the visual system is able to progressively extract more reliable data about its direction of motion. In fact, the second-order (contrast-coded) pattern behaves more like a first-order luminance-coded pattern. This questions the existence of a general system, or even a general strategy, by which the motion of second-order modulations are sensed (Cropper & Badcock, 1995) . It also indicates that the measurement of a motion aftereffect in second-order stimuli with more complex luminance carriers is not a symptom of the most basic processing of those stimuli.* It has been suggested that the site of the motion aftereffect measured with counterphase test stimuli is located at a higher level in the visual system (Nishida & Sato, 1995; Ashida & Osaka, 1995; Nishida et al., 1994 ) and yet it is still considered to be symptomatic of some basic fatigue or habituation within the neural mechanisms involved. In light of the recent evidence discussed above, it would seem that this phenomenon is actually something rather different and not particularly related to the classical motion aftereffect (Addams, 1834; Wohlgemuth, 191 I) . If the visual system only exhibits a motion aftereffect with a counterphase test stimulus when it has the maximum amount of data provided by the carrier of the stimulus, and under normal (unadapted) circumstances this form of carrier provides the most parsimonious answer to the perceived direction of the two-dimensional contrast modulation (Wilson & Kim, 1994; , then it seems more reasonable to consider other reasons for the phenomena of adaptation when measured using a counterphase test. It is counterintuitive to propose that the motion aftereffect measured with the counterphase test stimulus is some genuine habituation to the second-order contrast modulation, which itself does not change between stimuli which do and do not exhibit this effect. It is possible that in some cases the apparent potency of the counterphase test is a result of some residual adaptation to first-order artefacts in the second-order stimulus Smith & Ledgeway, 1995) , combined with a general positional uncertainty in the test due to the prolonged exposure to the adapting pattern and subsequent reduction in perceived contrast . This residual signal would be too small to exhibit a standard motion aftereffect, but may well show up with a counterphasing test stimulus. This is because the smallest positional uncertainty in the test stimulus is likely to provoke a strong sense of displacement of a counterphasing test between the point at which the contrast falls below detection threshold and rising above it again, phase-shifted by 180 deg. This suggestion is supported by the much smaller motion aftereffect measured by McCarthy (1993) when only the cartier in a contrastmodulated stimulus was counterphased. The lack of the large phase-shift in the envelope all but diminished the motion aftereffect despite the fact that the positional cues, presumably dominating in the carrier, were equally disturbed.
Luminance profile across four frames of displacement: 2f+3f+4f; contrast ratio 1:1:1. Luminance profile across four frames of displacement: 2f+3f+4f; contrast ratio 2:2:1. Space FIGURE 8. Illustration of the local motion of first-order and second-order profiles in the 2f+ 3f+ 4f stimuli previously used by Nishida & Sato (1995) (their Experiment 3). The relative (to the mean) luminance profile is plotted against space. Two contrast ratios are illustrated in the two panels, successive frames of the four-frame sequence are shifted downward for clarity and differentiated by the greyscale. First-and second-order directions are indicated by the arrows.
There remains one issue which must be addressed. That concerns the measurement of a motion aftereffect in a second-order stimulus with a one-dimensional carrier (Nishida & Sato, 1995) . When a 2f and 3f luminance grating are summed, they produce a beat of spatial frequencyfwith a carrier of 2.5f [see Eq. (2)]. Nishida & Sato (1995) found that adapting to this stimulus (f= 0.5 c/deg) when each component was successively jumped by 0.25f (with varying intervals between the jumps) induced a motion aftereffect in a 3f counterphasing sinusoidal luminance grating (a first-order test pattern). This aftereffect was dependent upon the temporal interval between jumps (and so the temporal frequency) and also the observer. In order to enhance the strength of the second-order signal, they added a 4f grating to the stimulus. This had the effect of increasing the depth of contrast modulation (the second-order signal) in the compound grating, and also changing the structure of the stimulus from a beat to a three-component AM grating, albeit not of a 1:2:1 contrast ratio. They found this stimulus to induce a stronger motion aftereffect in the majority of their subjects (Nishida & Sato, 1995) : we find no motion aftereffect in an AM grating (Experiment 6). This result does, therefore, seem to contradict the data and explanation presented in the current paper.
Under the circumstances we feel it necessary to suggest a possible explanation for this direct discrepancy. In both cases, the adapting stimuli used by Nishida & Sato (1995) contained motion of both the carrier and the envelope of the compound pattern i.e., both the first and second-order profiles. This is probably the critical difference between our two studies. If one examines the more potent of their adapting stimuli, the 2f+ 3f+ 4f grating, then for each 0.25f jump, the relative phases of each of the three components will change at any one point in the stimulus. For example, if all components were in sine phase at the fixation point, after a single 0.25f displacement the 2f:3f:4f phases would be -sine:-cosine:sine. It takes four successive jumps before all components return to sine phase at the fixation point. This has the effect of introducing a shallow frequency modulation into the stimulus (see Henning et al., 1975) which affects the local motion of the first-and second-order profiles: this is illustrated graphically in Fig. 8 . The result of this is that the first and second-order profiles are moving in the same direction for two out of the three displacements. So although the global "linear" prediction for this stimulus is that the first-and secondorder profiles move in opposite directions, as explained in detail by Nishida & Sato (1995) , it is possible that the visual system is responding to a more local effect of the stimulus. Other potential sources for the discrepancy may be in the precise methodology, such as measuring the duration rather than the strength of the aftereffect and the use of slightly different spatiotemporal structures of the stimuli. However, we consider the explanation provided above to be the most likely candidate for the disagreement.
CONCLUSIONS
The experiments reported here illustrate that the induction of a motion aftereffect in a second-order stimuli is not simply related to test methodology. For our second-order beat stimulus, there are no directional effects of adapting to a moving first-or second-order stimulus. This is commensurate with the view that luminance and contrast modulations are somehow treated differently by the visual system (Blakemore & Campbell, 1969; Henning et al., 1975; . Our findings, combined with other recent reports (Wilson & Kim, 1994; Cropper & Badcock, 1995) , indicate that the extraction of motion may be achieved at a more local level of the stimulus than has been previously considered and thus impose strict limitations upon the generalizability of contrast-modulated stimuli, and indeed many other second-order stimuli which can be reduced to a modulation of (perceived) contrast. Finally, along with the data collected using two-dimensional patterns cited above, the data presented here question the existence of any generic process for the extraction of motion in second-order (contrast) modulation.
